The fructose-1,6-bisphosphate aldolase (EC 4.1.2.13) homotetramer has been destabilized by site-directed mutagenesis at the two different subunit interfaces. A double mutant aldolase, Q125D/E224A, sediments as two distinct species, characteristic of a slow equilibrium, with velocities expected for the monomer and tetramer. The aldolase monomer is shown to be catalytically active following isolation from sucrose density gradients. The isolated aldolase monomer had 72% of the specific activity of the wild-type enzyme and a slightly lower Michaelis constant, clearly indicating that the quaternary structure is not required for catalysis. Crosslinking of the isolated monomer confirmed that it does not rapidly reequilibrate with the tetramer following isolation.
species, characteristic of a slow equilibrium, with velocities expected for the monomer and tetramer. The aldolase monomer is shown to be catalytically active following isolation from sucrose density gradients. The isolated aldolase monomer had 72% of the specific activity of the wild-type enzyme and a slightly lower Michaelis constant, clearly indicating that the quaternary structure is not required for catalysis. Crosslinking of the isolated monomer confirmed that it does not rapidly reequilibrate with the tetramer following isolation.
There was a substantial difference between the tetramer and monomer in their inactivation by urea. The stability toward both urea and thermal inactivation of these oligomeric variants suggests a role for the quaternary structure in maintaining the stability of aldolase, which may be an important role of quaternary structure in. many proteins.
The quaternary structure, the three-dimensional arrangement of subunits, has no known role in many proteins. Multimeric associations are critical for most biological functions; essential for the assembly of viral capsids, cytoskeletal structures, DNA-binding proteins, and cooperative regulatory enzymes; and important in signal transduction pathways and multienzyme complexes. Though the majority (70-80%) of enzymes are oligomeric, only about 32% of oligomers exhibit cooperativity (1) . Therefore, the quaternary structure has some other function in most enzymes, such as forming the active site (directly or indirectly), providing stability, increasing solubility, or decreasing osmotic pressure in the cell (2, 3) .
The role of quaternary structure can be examined by isolation of folded subunits by variation of physical conditions. In many cases, dissociated subunits are inactive, possibly due to extreme conditions required to disrupt the enzyme or because the subunits are inherently inactive. However, some enzymes are regulated by association/dissociation, and in some cases subunits are more active than the oligomer (1). Carbamoyl-phosphate synthetase dissociation is promoted by dilution or by its allosteric activator, N-acetyl-L-glutamate, and both dimeric and monomeric species are active (4) . Malate dehydrogenase dissociates as a function of Mg2+ concentration and pH, and tetrameric, dimeric, and monomeric forms are active, with distinct kinetic parameters (5). The alcohol dehydrogenase 1313i dimer was disrupted using a freeze-thaw technique that resulted in active monomers (6) . Thus it is clear that at least some oligomeric enzymes are active as monomers.
More stable oligomeric proteins have been destabilized by site-directed mutagenesis, including triosephosphate isomerase (TIM) (7, 8) , RecA (9) , and prostatic acid phosphatase (10) . Although site-directed disruption of these enzymes resulted in complete loss of enzymatic activity, replacement of an interface loop of TIM resulted in a stable monomer with a 103-fold reduction in kcat (11, 12) . These studies have suggested that the quaternary structure is essential for proper catalytic activity.
Fructose-1,6-bisphosphate aldolase (Fru-1,6-P2; EC 4.1.2.13) is an isologous homotetramer (Fig. 1A) , each subunit of which is an eight-membered acq-barrel containing an active site near its center (13) . The two major subunit interfaces (A and B) are distant (>20 A) from the Schiff base-forming Lys-229 (Fig. iB) , and aldolase does not exhibit cooperativity or allostery. Isolated hybrids of isozymes indicated that subunits are catalytically independent; for example, A3B1 was indistinguishable from an equivalent mixture of homotetramers, 3 A4: 1 B4 (14) . Furthermore, hybrids of active and inactivated subunits also showed the independence of active sites (15) .
Previous reports (16) (17) (18) indirectly suggested that monomers of rabbit Fru-1,6-P2 aldolase, isozyme A, exhibited substantial catalytic activity. Matrix-bound aldolase subunits had 27% the specific activity of matrix-bound aldolase tetramers (17) . Furthermore, the kinetics of reactivation during refolding were biphasic, possibly indicating active assembly intermediates (18) . However, these experiments failed to demonstrate directly the association state(s) of the species examined.
The stability and conservation of the aldolase tetramer are well documented. The dissociation constant of aldolase is unmeasurable under nondenaturing conditions. The enzyme did not observably dissociate at high dilution (0.2 ,ug/ml) in gel filtration chromatography or in in vitro subunit exchange experiments (19) , nor was subunit exchange detected between isozymes in vivo (20) . Subunits from species as divergent as chicken and wheat formed hybrid tetramers (21) , indicating that the subunit interfaces are functionally conserved among species. Although the quaternary structure is conserved, it has no obvious structural or functional role.
As previously reported, substitutions of Asp-128, at the B interface, disrupted the native quaternary structure, yielding active dimers, and reduced the thermal stability of the enzyme (22) . Complete destabilization of the aldolase tetramer involved construction of double mutant enzymes that combined one A and one B interface mutation. Polar or charged residues that were invariant in a sequence alignment of vertebrate aldolases and were proximal to residues on an adjacent subunit were targeted. At the B interface, substitutions were made at Asp-128 or Gln-125. Because the latter residue is proximal to Asp-128 of the adjacent subunit, replacement with Asp may create a charge repulsion. At the A interface, the charged atoms of Glu-224 and Arg-258 of adjacent subunits are <3.0 A apart and putatively form four intersubunit ionic bonds per tetramer. Therefore, replacement of either of these residues was hypothesized to destabilize the tetrameric structure. Single and double.
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MATERIALS AND METHODS
Materials. Restriction endonucleases, T4 DNA ligase, exonuclease III, and DNA polymerase I were from New England Biolabs. DNA polymerase I (Klenow fragment), calf intestine alkaline phosphatase, and glycerol-3-P dehydrogenase (G3PDH)/TIM were from Boehringer Mannheim. Deoxynucleoside triphosphates, Cm-Sepharose, CL-6B Fast Flow, and Sephadex G-150 were from Pharmacia LKB. [a-35S]Deoxynucleoside triphosphates were from Amersham. Nitrocellulose filters were from Sartorius. Oligonucleotides used for sitedirected mutagenesis and sequencing were synthesized on MilliGen/Biosearch DNA synthesizers using phosphoramidite chemistry and the manufacturer's protocols. Ultrapure sucrose was from GIBCO. Bio-lyte pH 3-10 ampholytes were from Bio-Rad. Fru-1,6-P2, dimethyl suberimidate (DMS), hydrazine sulfate, triethanolamine (TEA), and other chemicals were from Sigma.
Strains.-scherichia coli JM83 (23) was used for cloning and protein expression. TG1 (24) was used for transformation of mutagenesis reaction products.
Site-Directed Mutagenesis. Site-directed mutagenesis (25) was performed on the M13 based cDNA clone, AM1 (26) . The Q125D, D128N, E224A, and R258Q substitutions were generated by using the oligodeoxyribonucleotides 5'-ACCAC-CACCGACGGGTTGGAT-3', 5' -CAAGGGTTGAAT-GGGCTGTCC-3', 5 '-TCTACCTGGCAGGGACCTT-3', and 5'-GCGCTGCGCCAGACAGTGCCC-3', respectively (note that the affected codons are underlined). The Q125D/ E224A double mutant was generated by using the E224A mutagenic oligonucleotide on template DNA carrying the Q125D mutation. The D128N/R258Q double mutant was constructed by cloning, replacing the 700-bp BsmI-HindIII fragment of pD128N with the corresponding fragment from pR258Q. Potential mutants were screened by DNA sequence determination using dideoxy termination (27) .
Expression and Purification of Recombinant Aldolase. The EcoRI-HindIII fragments containing the mutant genes were cloned into the high copy plasmid pPB1 (28) to create pQ125D, pD128N, pE224A, pR258Q, and pQ125D/E224A. These plasmids were transformed into JM83 for protein expression. The DNA sequence of the aldolase coding regions was determined to confirm that only the desired substitutions were present. Restriction enzyme digestions, ligation reactions, and transformations were performed as described (29) .
Wild-type and mutant aldolases were purified by existing procedures (26) , except that the Cm-Sepharose CL-6B Fast flow column was washed with a buffer at pH 7.6 before substrate elution. The D128N/R258Q mutant enzyme, which failed to adsorb to Cm-Sepharose, was partially purified by preparative isoelectric focusing in the Rotofor Cell (Bio-Rad). The 100,000 x g supernatant fraction of crude extract was dialyzed for 5 h against 5 mM 3-[N-morpholino]ethanesulfonic acid-KOH, pH 7.0/1% glycerol, then pH 3-10 ampholytes and glycerol were added to 2% and 10%, respectively, to a total volume of 50 ml. Focusing was for 4 h at 15 W with a circulating H20 bath at 10°C.
Determination of Protein Concentration. Protein concentration was determined by reading A280 of a diluted sample (25-100 ,ug/ml), using an extinction coefficient, E280 (0.1%), of 0.91 cm2-mg-1 (30 Distance Sedimented (mm) monomer or mostly tetramer of the double mutant enzyme were the same as those for sedimentation (see Fig. 2A before sedimentation at 20°C, indicating a temperaturedependent equilibrium. Since these two forms were readily interconvertible, the resolution of the enzyme into two symmetrical peaks at 4°C suggests that the kinetics of association/ dissociation are slow relative to the time of ultracentrifugation (5-15 h). The destabilization of interfaces in the Q125D/ E224A aldolase was synergistic; there was no detectable dimer intermediate in sedimentation experiments (Fig. 2 A and B) and the corresponding single mutant aldolases, Q125D and E224A, remained tetrameric at 20°C (Fig. 2 C and D) .
Determination of catalytic constants at 30°C (Table 1) indicated that the Vma of the Q125D/E224A enzyme (16.0 units/mg) was similar to that of the wild-type enzyme (14.7 units/mg). However, the Km of Q125D/E224A (11.8 ,uM) was slightly lower than the wild-type enzyme (17.7 ,tM). Enzymes with the constituent single substitutions, Q125D or E224A, showed little or no difference in Vmax and Km compared with the wild-type enzyme (Table 1) . Although the catalytic constant determinations were done at 30°C, a temperature at which the Q125D/E224A enzyme sedimented as 68% monomer (Fig. 2B) , the quaternary structure under these conditions was uncertain because the enzyme was freshly diluted from a solution at 4°C.
The slow association/dissociation kinetics of the Q125D/ E224A enzyme ( Fig. 2A and B) were exploited for purification of the aldolase monomer. Wild-type and mutant aldolases were sedimented at 25°C, and fractions of the gradient were collected and analyzed immediately to minimize possible reequilibration of oligomers. The two species differed slightly in specific activity, 16.0 units/mg for the tetramer and 11.5 units/mg for the monomer ( Table 2 ). The specific activity of each species was constant over three gradient fractions (data not shown). In addition, the Km values for the two species differed slightly, 10.5 ,uM for the tetramer and 7.4 ,uM for the monomer. As expected, the isolated wild-type tetramer and D128N dimer had catalytic constants similar to those of unfractionated enzyme (see Tables 1 and 2 ).
The possible reequilibration during isolation and catalytic measurements of the isolated species Was assessed by chemical cross-linking and activity measurements. Cross-linking with DMS showed that the Q125D/E224A tetramer and monomer species did not significantly reequilibrate during fractionation and kinetic measurements (Fig. 3) . Although the cross-linking efficiency was low, relatively large amounts of cross-linked products were observed for the wild-type enzyme and the isolated Q125D/E224A tetramer, and very little cross-linked product was seen for the isolated Q125D/E224A monomer.
Furthermore, because the tetramer and monomer fractions had slight, but significant, differences in specific activity, reequilibration would result in a specific activity intermediate to that of the two isolated species. Activity measurements over a 24-h period showed that the Q125D/E224A tetramer and monomer fractions behaved similarly to the wild-type and D128N fractions, simply showing a slight loss (10-20%) of activity ( Table 2) . These results are consistent with purified monomer fractions containing little reassociated tetramer, certainly not enough to account for their -72% specific activity.
Because catalytic properties were assessed after isolation of oligomers, it remained possible that the monomer was inactive, and that the activity attributed to the monomer-containing fractions arose from substrate-induced association into dimer or tetramer. However, sedimentation profiles of wild-type and Q125D/E224A enzymes were similar in the presence or absence of 2 mM Fru-1,6-P2 (data not shown). Furthermore, sedimentation in the presence of Fru-1,6-P2 and hydrazine, which creates the hydrazone product that absorbs at 240 nm (32) , showed one inflection corresponding to the activity for the wild-type enzyme (Fig. 4A, dashed line) , and two inflections for the Q125D/E224A enzyme (Fig. 4B, dashed line) . The positions of reaction product corresponded closely with those of protein peaks (Fig. 4, solid versus dashed lines) . Sedimentation in the presence of Fru-1,6-P2 simultaneously showed the association state and the activity of Q125D/E224A oligomers.
Still, the possibility exists that the native aldolase monomer is not inherently active, and that the activity of the Q125D/ E224A monomer results from this particular pair of substitutions, in some way compensating for the absence of quaternary structure. However, a second double mutant enzyme, D128N/ R258Q, sedimented as a single species with a velocity indicating that it was monomeric at 30°C (Fig. 4C, solid line) . The monomeric aldolase generated by the D128N/R258Q double mutation was also active; sedimentation in the presence of Fru-1,6-P2 produced one inflection corresponding to the position of the protein peak (Fig. 4C, dashed line) . The catalytic *Determined using a -65% homogeneous protein preparation; the V.,, value is not corrected for the degree of purity. Distance Sedimented (mm) The reduced thermal inactivation temperatures of the monomeric aldolases are consistent with the sensitivity of MB aldolase subunits to thermal inactivation (17) . A close correlation between T0.5 values and Tm values from differential scanning calorimetry experiments has been observed for wild-type and mutant aldolases (22, 35) . This suggests that inactivation is associated with global unfolding rather than a covalent mechanism or one constants determined at 30°C (Table 1) were Vm,. = 4.2 units/mg and Km = 4.3 ,uM. This enzyme, and the isolated Q125D/E224A monomer (Table 2) , had catalytic constants that were slightly lower than those of the wild-type enzyme. The differences in the two monomers could be due to differences in the assay conditions or intrinsic differences resulting from the particular substitutions.
If the quaternary structure of aldolase is not required for catalytic activity, what is its role? Thermal inactivation experiments provided evidence that quaternary structure confers thermal stability on aldolase. The mutant enzymes Q125D/ (-, *) or Q125D/E224A (0, El) (0.5 mg/ml) were incubated for 30 min at conditions favoring tetramer (4°C; E, O) or monomer (30°C; *, 0). Activity was measured after 30 min in urea and is shown normalized to the no urea samples, which had specific activities ranging from 13-20 units/mg.
involving small conformational changes at the active site. This is supported by the coordinate dissociation, unfolding, and inactivation observed for aldolase at extremes of pH (36) . Furthermore, direct evidence that quaternary structure provides stability was shown by monomeric aldolase with increased susceptibility to urea-induced inactivation compared to the same mutant tetrameric enzyme (Fig. 5 ). Similar inferences have been made for dimeric aldolase (22) and MB subunits (18) . 
